Coherent population trapping (CPT) is an interesting technique for the development of compact atomic frequency references. We describe an innovating laser source for the production of the two cross-polarized coherent laser fields which are necessary in CPT-based atomic clocks. It relies on the dual-frequency and dual-polarization operation of an optically-pumped vertical external-cavity semiconductor laser. This particular laser emission is induced by intracavity birefringent components which produce a controllable phase anisotropy within the laser cavity and force emission on two cross-polarized longitudinal modes. The laser emission is tuned at the Cs D 2 line (λ = 852.14 nm), and the frequency difference ∆ν between the two laser modes is tunable in the microwave range. The laser line wavelength is stabilized onto an atomic hyperfine transition, and concurrently the frequency difference is locked to an ultra-low noise RF oscillator at 9.2 GHz. The high spectral purity of the optically-carried microwave signal resulting from the beatnote of the two cross-polarized laser lines is assessed through its narrow spectral linewidth (<30 Hz) as well as its low phase noise (≤ -100 dBrad 2 /Hz). The performance of this laser source is already adequate for the interrogation of atoms in a CPT atomic clock, and should result in an estimated relative stability of 3.10 -13 τ -1/2 -one order of magnitude better than commercial atomic clocks.
INTRODUCTION
Microwave photonics is an emerging field which studies the generation, distribution, processing and analysis of microwave signals carried on optical frequency carriers, using the advantages of photonics technologies [1, 2] . It enables access to high-frequency signals generation and processing, without the state-of-the-art electronics and also to long range transmission of microwave signals through optical fiber links. Firstly developed for defense applications, microwave photonics spreads to a large number of civil applications such as cellular, wireless, and satellite communications and medical imaging. It is also used in metrology, in the development of frequency standards and inertial captors.
Here we are interested in the realization of compact and stable atomic clocks using the coherent population trapping (CPT) phenomenon in which the radiofrequency (RF) probe frequency is optically carried [3, 4] . More precisely, in a CPT-based atomic clock, the microwave interrogation that delivers the atomic reference signal is induced by two phasecoherent laser fields at resonance with a common excited state. When the frequency difference between the two laser fields corresponds exactly to the ground-state hyperfine splitting (equal to 9.192 631 770 GHz with Cs atoms), the atoms are trapped in a dark state and stop interacting with the laser light. The resulting narrow transmission line in the atomic absorption spectrum is used as a frequency reference. In order to guarantee the stability of the clock frequency, CPT atomic clocks require a high purity, optically carried, microwave signal as well as low-noise properties for the laser source (intensity and frequency fluctuations). Among the different optical configurations which influence the CPT signal, those combining cross-polarized excitation scheme and temporal Ramsey-like pulsed interrogation have demonstrated reach short-te
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Laser characterization
Without intra-cavity elements, the laser threshold is obtained at 0.25 W of incident pump power. The laser output power reaches 83 mW for the maximal pump power limited by thermal effects in the semiconductor structure; the laser emission exhibits then a multimode spectrum centered at 855 nm. With the Fabry-Perot etalon, the laser operates in single mode emission with a wavelength tunability of almost 5 nm.
With all intra-cavity elements, the laser threshold increases to 0.35 W and the laser output power decreases to 26 mW at 852.1 nm -corresponding to 13 mW per polarization. The fine tunability of the cross-polarized laser lines is achieved with the rotation of the Fabry-Perot etalon and the adjustment of the cavity length. Proper adjustments of the cavity and pump alignments allows to force the laser emission on two adjacent longitudinal modes on orthogonal polarizations, with a frequency difference ∆ below the free-spectral range of the cavity. The beatnote frequency is evidenced by mixing the cross-polarized modes with a polarizer oriented at 45° of their axes, and coupling the beam into a fiber-coupled fast photodiode followed by two low-noise RF amplifiers (Gain = 22 dB each) and a RF amplifier. The generated beatnote frequency is around 9.2 GHz with a spectral linewidth at -3 dB below 600 kHz on a time scale of 300 ms, measured with a resolution bandwidth of 100 kHz ( Figure. 3). The tunability of the frequency difference is 1.4 GHz/K with the temperature of the SLT and YVO 4 crystals, and 1.3 MHz/V with the voltage applied to the SLT crystal -in good agreement with our numerical estimation in §2.3. Frequency difference Au (GHz) Figure 3 . Beatnote frequency spectrum in free-running operation (RBW = 100 kHz) and in lock operation (RBW = 10 kHz), at 9.2 GHz. Noise is rejected 1 MHz away from the carrier frequency.
LASER STABILIZATION
Under free-running conditions, the laser performance is not compatible with the interrogation of Cs atoms in a CPTbased atomic clock, which requires a high-purity optically-carried microwave signal. Thus the laser emission has to be further stabilized. In this section we detail the stabilization of the ordinary-polarized laser line onto a hyperfine Cs atomic transition, and the concurrent locking of the frequency difference onto a RF oscillator.
At the output of the laser, the two cross-polarized modes are separated by a polarization beam splitter (see Figure 4) . The laser is protected from any optical feedback with two -30 dB optical Faraday isolators (one per polarization). A fraction (0.5 mW) of the ordinary-polarized power is injected into a saturated absorption set-up for its stabilization on a Cs atomic transition at 852.1 nm. Finally, both beams are recombined with the same polarization axis in order to measure the beatnote frequency and lock it on the RF frequency reference. Frequency (MHz)
Optical frequency stabilization at Cs transition
The laser frequency of the ordinary polarized beam is locked onto a Doppler-free transition (F = 4 towards F' = 4'/5') of the Cs D 2 line using a pump-probe saturated absorption technique, as shown in Figure 4 . An acousto-optic crystal is used to modulate the so-called pump beam at 100 kHz to generate an error signal . This method avoids the direct modulation of the pump diode current, which would simultaneously introduce a modulation of the laser power. The error signal is null at the top of each atomic transition, and its slope is 12 MHz/V ( Figure 5 ). It is integrated and the correction is made by a low-frequency two-integration stages servo loop on the piezo-electric transducer glued to the output coupler. Figure 5 . Saturated absorption spectrum (top) and resulting error signal (bottom)
Frequency difference stabilization
The frequency difference between the two laser modes (the so-called beatnote frequency) is locked onto a RF synthesizer, which generates a stable RF reference at the frequency , using an optical phase-lock loop described in this section. After recombining the beams and superimposed their polarization axes, the two laser frequencies are mixed on a fast GaAs photodiode (Figure 4) . The subsequent beatnote signal is :
with ϕ 0 a constant phase term and ϕ (t) the residual phase-noise fluctuations.
The beatnote signal is then amplified and mixed with the RF reference to generate an error signal proportional to (Δ − ). The error signal is then amplified by a high-bandwidth proportional-integrator corrector and applied to the intracavity electro-optic crystal to compensate for the frequency-difference fluctuations. Figure 3 compares the beatnote spectra of the free-running laser and of the laser when the frequency difference Δ = ν − ν is locked to the RF reference at 9.2 GHz. The linewidth of the beatnote spectrum is dramatically narrowed, below the RF analyzer resolution of 30 kHz, which evidences correction of the uncorrelated frequency fluctuations. The servo loop bandwidth is about 1 MHz, which depends on the proportional gain as well as on the electro-optic crystal response. The signal-to-noise ratio, measured between maximum of the peak and the minimum close the frequency carrier, is 55 dB.
The two servo-loops -of the absolute frequency difference on a Cs atomic transition and of the frequency difference on the RF local oscillator -operate together for 30 minutes under laboratory conditions.
LASER NOISE AND DYNAMICS
The noise properties of the stabilized laser emission are investigated in order to evaluate the contribution of the dual frequency OP-VECSEL to the performance of a CPT-Ramsey atomic clock. We study three main noise sources: the laser frequency noise, the beatnote phase noise and the laser intensity noise.
Laser frequency noise
The laser frequency noise reveals the fluctuations of the absolute optical frequency as compared to the Cs transition. It affects the atomic clock by reducing the interaction between Cs atoms and the laser beams. To quantify this frequency ..* Frequency difference stabilization : Av =OvRF RF Synthesizer 9.192 GHz noise, we measure the power spectral density of the error signal with a Fast Fourier Transform analyzer, and normalized it by the sensitivity coefficient of the set-up (12 MHz/V). When the optical frequency locking is activated, we observed a (in-loop) noise level below the detection noise floor, meaning we reach a 60 dB frequency noise reduction at 1 Hz. The low-frequency technical noise is suppressed on a bandwidth of 300 Hz, which is limited by the piezo transducer resonance (Figure 6 ). Figure 6 . Power spectrum density of the frequency noise of the ordinary polarized mode, under free-running operation and under locked operation.
Beatnote phase noise
The local oscillator (LO) which provides the RF interrogation signal is a key element in an atomic frequency reference. In CPT atomic clocks, the LO frequency is optically carried for the atom interrogation process. Conversion from electrical to optical domain is obtained by locking the laser frequency difference ∆ to the LO frequency. This conversion may add some noise, originating from the RF synthesizer (LO), the phase-lock loop and the laser itself. To characterize the additive phase noise ϕ (t) induced on the beatnote signal by the laser and the phase-lock loop, we measure the beatnote signal in an independent setup (photodiode + gain) and compare it to the RF reference ( Figure 7 ): then the LO noise is rejected as a common contribution in the phase noise measurement. Figure 8 shows the additive phase noise under free running operation and locked operation (for a frequency difference ∆ locked at the reference frequency of 9.6 GHz). Under free-running operation, we believe that the phase noise results mainly from the partially uncorrelated pump-induced thermal fluctuations of the semiconductor chip on each laser beam.
With the phase-lock loop, the phase noise level is -105 dBrad²/Hz, below the LO standard phase noise, leading to a 100 dB noise reduction of the beatnote phase noise at 100 Hz, compared to the free running operation. At frequencies above 5 kHz, the noise level reaches -90 dBrad²/Hz up to 1 MHz which corresponds to the optical phase-lock loop bandwidth. Figure 8 . Power spectrum density of the beatnote phase noise due to the laser contribution under free-running operation and under locked operation (LO frequency: 9.6 GHz) compared to the standard phase noise of the LO.
Laser intensity noise
The relative intensity noise (RIN), which is converted into a frequency noise in the phase-lock loop, has been the object of a specific study. A white noise floor of -115 dB/Hz for each polarization has been measured directly at the laser output. Polarization resolved measurements show no difference of the RIN behaviour between the two modes. Moreover, the two frequency-stabilization servo-loops do not disturb the RIN level ( Figure 9 ). The laser intensity noise is limited by the pump intensity noise with a gain factor of +5 dB consistent with theoretical estimation under our operating conditions [15] . We have verified that the RIN of the pump diode is not limited by its injected current noise, and we suspect the mode partition noise resulting from the competition between laser modes to be the main limiting factor of the pump source RIN. Figure 9 . Spectral density of the laser relative intensity noise for each polarization, and of the pump relative intensity noise.
EVALUATION OF CLOCK FREQUENCY STABILITY
In this section, we evaluate the laser noise contribution to the atomic clock performance and therefore the ultimate clock frequency stability reachable with a CPT-Ramsey atomic clock using our dual frequency laser source. The atomic clock set-up is described in Figure 10 . The two cross-polarized laser modes, stabilized on Cs transition lines (852 nm and with a frequency difference of ∆ = 9.2 GHz), illuminate a cell full of Cs atoms. An acousto-optic modulator is used for temporal pulse shaping. The clock configuration is detailed in [6] . The clock sequence of duration = 6 ms is composed of a first pumping pulse = 2 ms, a free evolution time = 4 ms and finally a very short detection pulse = 25 µs, during which the transmitted power through the cell is measured with a photodiode. Figure 10 . Scheme of the CPT atomic clock based on the dual-frequency laser source, with the three servo-loops (of the optical frequency, the frequency difference and the RF reference).
The clock frequency ( ) is defined as the following: ν(t) = ν 1 + ε + y(t)
where is the ground-state splitting, the inaccuracy caused by deterministic effects, and ( ) the frequency stability which corresponds to the relative frequency fluctuations of the clock signal measured on a duration time . To characterize the frequency stability of the signal ( ), Allan variance is commonly used and is defined as:
where is the average value of ( ) on a time interval ; of duration . ( ) is given by the quadratic average of three contributions: the laser intensity noise (IN), the laser frequency noise (FN) and the beatnote phase noise amplified by the Dick effect [6] . σ (τ) = σ / + σ / + σ /
The major contribution of the laser power fluctuations (IN) is on the amplitude noise of the detected signal ( ) which is converted into an additional clock frequency noise through the LO lock loop. Since the signal ( ) is measured during a time = 25 µs, the atomic clock is sensitive to the laser intensity noise on a bandwidth of 1/ = 40 kHz. The clock frequency is sensitive to the laser frequency fluctuations (FN) during the pumping time of the Cs atoms. A laser frequency variation from the Cs optical transition reduces the interaction between light and atoms. Thus it induces a fluctuation of the number of atoms trapped into the dark-state, converted into amplitude noise on signal ( ). The calculated sensitivity bandwidth is about 700 Hz under usual operating conditions. Finally, the Dick effect arises from the lack of information on the probe frequency during the pumping of the Cs atoms, equivalent to a dead time during which the LO noise is not probed and then not corrected [16] . It can be described by the down-conversion of the LO frequency noise at Fourier frequencies higher than the interrogation frequency. The LO frequency noise originates from its intrinsic noise and the laser beatnote frequency noise, i.e. the beatnote phase noise evaluated previously. The LO intrinsic noise will not be considered here, as we are only interested here in the noise added by the bifrequency laser source.
